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Introduction
Undergraduate dynamics is often cited as one of the most difficult courses that engineering students must take because many of the topics are in direct conflict with their perception of the world around them. Newton"s laws of motion are fundamental to the study of dynamics and students are particularly prone to having misconceptions drawn from their daily life interaction with moving objects. An apple may fall from a tree to the ground faster than a leaf (although they have the same acceleration in the absence of air resistance); two football players may collide and the smaller player may get hurt more than the larger player (although an equal force is exerted on both players) 1 .
These misconceptions can survive even after extensive direct instruction. Concept inventories are specifically designed tests that target common misconceptions, so they serve as useful tools to assess student learning and effectiveness of teaching practices. Performance on the Dynamics Concept Inventory (DCI) at the end of a large size dynamics class taught by traditional methods shows a student average of only 32.1% 2 . Such a low score shows that simply learning the correct equations needed to solve a problem does not mean a student has mastered the conceptual content of a topic 3, 4 .
Considerable effort has been spent trying to find instructional approaches that can repair these deeply rooted misconceptions. In a study involving 6,000 students taking introductory physics, Hake 5 showed that instruction involving active learning and stressing conceptual understanding resulted in an average conceptual gain equal to 0.48, almost double the average gain in traditional lecture-based courses. There is a growing body of literature supporting active learning in engineering education (see Prince 6 for a review). A pilot study 7 found that active-learning based courses resulted in an 8.5% larger normalized gain on the DCI than traditional instruction.
All the evidence confirming increased conceptual gains in classes utilizing active learning methods have created excitement among educational researchers and teachers, but more questions need to be answered regarding their practical implementation in classrooms. A long on-going academic debate exists on how much the students should be involved and how much instructional guidance is most effective. Matlen and Klahr 8 explore the efficacy of low vs. mixed instructional guidance in the context of teaching 3 rd grade children about the Control of Variables Strategy for scientific experimentation. Four experimental conditions were used, namely high followed by high instruction (H-H), high followed by low (H-L), low followed by high (L-H) and low followed by low instruction (L-L). High instructional guidance included a mix of inquiry questions and direct instruction (explanations and summary provided by the experimenter), while low instructional guidance included only inquiry questions. Their results showed that, in domains where learners have difficulty assessing the correctness of their Page 26.858.2
solutions, inquiry activities are not sufficient to clarify concepts; therefore direct instruction is needed for learning.
One type of active learning technique designed to increase conceptual understanding in engineering is Inquiry-Based Learning Activities (IBLAs) [9] [10] [11] . IBLAs are based on a series of Predict-Observe-Explain cycles that can incorporate direct instruction or teamwork as needed. In an IBLA, individual students or teams of students are presented with a physical situation and asked to predict what will happen. The students then investigate the situation by experimenting with physical hardware that becomes the "authority", thus forcing students to confront any misconceptions ( Figure 1 ). Figure 1 .The building blocks of an Inquiry Based Learning Activity (IBLA) are Predict-ObserveExplain (P.O.E) series based on given scenarios. These P.O.E. series can be interspersed with direct instruction and teamwork as desired by the instructor.
In previous studies, we have reported student performance on concept tests and their predictions during the IBLAs 9-11 . This research, however, did not reveal how students approached solving the problems, or what conceptual knowledge they used to attack the different scenarios. We decided to use the qualitative technique of "think-aloud" to investigate how students" knowledge is affected by the IBLA. For this study, students participated individually in either a purely P.O.E-based IBLA or a P.O.E and direct instruction IBLA. We investigated how students" knowledge evolved during the IBLA and how P.O.E and direct instruction help students gain conceptual understanding.
The goal of this study is to understand the process of repairing naïve misconceptions and of acquiring desired scientifically approved models within the framework of an IBLA. The results of this study help us understand how to design better IBLAs, particularly how to choose the given scenarios for the P.O.E cycles and when to incorporate direct instruction.
Theoretical framework
The purpose of instruction is to help students acquire domain-specific knowledge and skills. According to Shavelson, knowledge can be categorized as "knowing that" (declarative/factual and conceptual knowledge), "knowing how" (procedural knowledge), schematic knowledge ("knowing why") and strategic knowledge ("knowing when, where and how") 12 . Each type of knowledge can be described in terms of its extent and its structure.
Students do not enter instruction with an empty mind. The naïve misconceptions (pre-instruction "mental models") that students bring to the classroom are typically based on everyday experience and interfere with student"s learning of the scientifically approved models. Conceptual change refers to the shift in student"s schematic knowledge from naïve models to
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Experimental observation Explanation and re-evaluation Page 26.858.3 desired scientifically approved models 13, 14 . The knowledge shift due to instruction might not be as dramatic and straight-forward as desired. Vosniadou & Brewer (1992) 15 point out that students can use both scientifically-sound propositions and their less-scientific prior propositions in the same explanation of a phenomena. Helldén and Solomon (2004) 16 found in their longitudinal study that students tended to evoke the same, less-scientific explanations over time, despite being exposed to contrary teaching. However, the students did use more scientifically-sound models when prompted appropriately by the interviewer. Such accumulation of propositions might be considered conceptual development rather than conceptual change 13 . While conceptual change focuses on developing a more scientifically approved schematic knowledge, the more gradual conceptual development seen in practice can be considered more related to changes in the declarative and procedural knowledge.
Studies have shown that experts have an extensive and highly interconnected declarative knowledge organized according to broad scientific principles 17 . Some questions require further investigation. How are experts able to organize their declarative knowledge according to broad scientifically accepted schematic knowledge? And how should the instruction be designed in order to facilitate this process of knowledge organization in students" minds?
This study attempts to provide some insight into these questions by investigating how the extent and the structure of the declarative knowledge changes as the students are exposed to an IBLA.
Literature review
A problem that is often used to demonstrate the application of Newton"s 2 nd law to the motion of a compound system is the Atwood machine. The system consists of two objects connected by a string that passes over a pulley (Figure 2 ).
The Atwood machine can be a versatile problem to test students" conceptual understanding of Newton"s 2 nd law. Question 13 of the DCI is used to test for understanding of the relationship between force, inertia and acceleration by comparing two versions of the Atwood machine. After taking a course in dynamics, 44% -64% of the students at different institutions responded incorrectly to this question on a DCI post-test 2 . The primary incorrect proposition is that the tension in a rope is always equal the weight suspended from it. McDermott, Shaffer and Somers 18 research on the Atwood machine also showed that many students had serious difficulties with the acceleration, the internal and external forces, and the role of the string in the Atwood machine. The students often failed to determine which force, which mass and which acceleration should be associated with which system. The conceptual knowledge (part of the declarative knowledge in Shavelson"s framework) necessary to understand Newton"s 2 nd law relies on the concepts of acceleration, mass and force ( Figure 3) . Also important is an understanding that the net force is the sum of all the different forces (gravitational, tension, applied force, etc) acting on the object. There are links that integrate all these concepts in a coherent framework. Newton"s 2 nd law can be applied to an individual object and extended to a system of interconnected objects (Figure 2, table) .
A form of the procedural method explained in Figure 2 is traditionally presented to students as a way of analyzing the Atwood machine and shows the connection to our conceptual propositions used for coding. The procedural knowledge for completing this analysis often obscures the Page 26.858.4
underlying concepts. The goal of the IBLA is to promote conceptual understanding rather than a systematic mathematical solution to different problems. During our study, the students were encouraged to discuss the problems conceptually and do as little math as possible. 
Proposition
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Net force is the sum of all forces acting on the object Page 26.858.5
Methods
Research goals
We investigated student"s existing declarative knowledge of Newton"s 2 nd law and how it evolves as the student is exposed to different scenarios. Our study also tries to understand if the inquiry-based modules can promote conceptual development and conceptual change. In this exploratory study we used qualitative semi-structured interviewing with "think aloud" in order to get a rich description of the student"s understanding of pulley systems, and how this understanding progressed during the inquiry-based learning activity.
The research goals of the study are to: 1) reveal the students "declarative knowledge of Newton"s second law after they have been exposed to traditional instruction during a course in dynamics. 2) determine how the declarative knowledge evolves as the student is exposed to different scenarios in the IBLA. 3) examine the role of predict-observe-explain activities and the role of short direct instruction in promoting conceptual development and conceptual change
Participants
The participants were either second or third year engineering students enrolled in an introductory dynamics course. Students were in a variety of majors, predominantly mechanical engineering, aerospace engineering, and civil engineering, and there were eight males and one female in the study. At the time of the interview, the students have already been exposed to Newton"s 2 nd law in class. Participation was voluntary and unpaid, and informed consent was obtained before conducting the think-aloud.
The Mass-Pulley IBLA
The students were assigned to individually participate in an IBLA that examined the relationship between force, mass and acceleration in a classic Atwood machine. The IBLA used for this study has been designed according to the principles of the variation theory 30 . The theory can be applied in lesson plans that take into consideration students" existing knowledge and guide the students gradually to discern critical features of the object of learning. Several studies have demonstrated the use of patterns of variation to improve student learning outcomes 32, 33 .
The Mass-Pulley IBLA using the Atwood machine contains a sequence of four scenarios, varying the total mass of the system, the mass difference between the weights and the structure of the system ( Figure 4 and Table 1 ). By using these different variations, we were able to gain a better idea of student understanding of each desired proposition. For the first three scenarios in the IBLA, the student was asked to (a) predict the correct answer and explain his/her reasoning, (b) perform the hands-on experiment depicted in the Scenario, and (c) explain how the results of the experiments compared with their original prediction. In order to emphasize conceptual understanding, students were instructed to "think aloud" during the activities in order to make their learning explicit and use as little mathematical tools as possible. Page 26.858.6 The relationship between mass difference, total mass and acceleration can be applied in the same way in different types of pulley systems.
Data collection
The interviewing was done one-on-one, each student participating individually in a sequence of instruction centered on the same IBLA. Three instructional sequences were investigated: (a) IBLA only with predict-observe-explain (P.O.E) cycles, (b) IBLA with direct instruction after Scenario 2 and (c) IBLA with direct instruction after Scenario 3 (Table 2, Figure 5 ). Three students (A, B, C) were assigned per each instructional sequence (NoINT, INT2, INT3). Each of the nine students was assigned a code for the sequence and the order in which they participated (A, B, C). For example, INT2_B refers to student B (second one in the INT2 group) who had an intervention after Scenario 2. The interviewer who conducted all the nine interviews was a female research assistant. At the beginning of the interview, the interviewer instructed the student to verbalize his/her thoughts as he/she analyzed the different IBLA scenarios involving Atwood machines. The interviewer provided the prompts during the IBLA, reminded the participant to continue verbalizing his/her thought processes and conducted the direct instruction as required by the research design. The direct instruction consisted of a succinct explanation of Newton"s 2 nd law, ∑F = m*a. The explanation included drawing on the whiteboard to help the student visualize the forces involved. During the explanation, the interviewer checked for student understanding by asking questions such as "What is the net force for each system?", "What is the total mass of each system?", "How does the relationship between net force and total mass affect the acceleration?". b) The direct instruction part of the one-on-one IBLA (student on the left, interviewer on the right) Page 26.858.8
Data coding
Video recordings of students" engagement were collected and the discourse was coded twice. Four desired codes linked to the object of learning were predetermined before coding (see details below). The first coding was exploratory and was used to extract trends and define other specific codes of interest. The second used this coding scheme for the cognitive mapping 12, 19 of the interviews. These principles have been shown to provide a way to assess the structure of declarative knowledge. A concept map is a graph in which the nodes represent concepts, the lines represent relations, and the labels on the lines represent the nature of the relation between concepts. The organization of the declarative knowledge can also give indications of the schematic knowledge used by the students in their explanation.
In this study we use the following terms:
 proposition (or concept link) = a pair of concepts and the labeled line connecting them;  mental model (or conception) = a set of interconnected propositions.
We extracted the concepts and propositions used by students indirectly from the IBLA explanations. We limited our analysis to propositions because they already provide information that includes the concepts and the link/relationship between them.
The selection of desired propositions was done keeping in mind the scientifically accepted framework of Newton"s 2 nd law. Four desired propositions linked to the object of learning were predetermined before coding (see Figure 3 ). D1. Total mass is inversely proportional to acceleration D2. Net force is directly proportional to acceleration D3. Net force is calculated from difference in existing forces (gravitational, external, etc) D4. The acceleration is equal to the net force divided by total mass (F=m*a) During the first round of coding, it became apparent that students sometimes utilize in their explanations propositions that are naïve and based on daily life experiences, but true in limited scenarios. We identified two such propositions that students used consistently and grouped them under the label "weak propositions". The students utilized either one or the other weak proposition, but never both:
1. W1 -Single mass is proportional to the acceleration. Some students use the lighter block in the system as the single mass ("counterweight"), while other students use the heavy block (in their mind, the block responsible for the movement). The values selected for the IBLA allow the students utilizing this weak proposition to make a correct prediction for the scenarios 1, 2 and 3, but a wrong prediction for Scenario 4 ( Table 1) .
were likely to make a correct prediction. The ratio method cannot be used in Scenario 4, since system A has only one mass pulled by an external force (Table 1) .
Another type of proposition identified during coding was the incorrect proposition (naïve propositions that were in contradiction with the scientific theory). All incorrect propositions used were related to the inability to calculate the net force correctly. The difficulty was in isolating the forces that contribute to the net force and then summing them vectorially. Some students believed that different types of forces (gravitational, external, etc) of same magnitude have different effects on the system.
We coded each student"s IBLA as a coding map ( Figure 6 ). The coding map provides an easy visual way to investigate the evolution of student"s declarative knowledge during a certain sequence of instruction. The coding map graphically represents the matrix of propositions and their respective confidence level for the entire sequence of instruction. The columns represent the steps in the sequence of instruction, while the rows represent the propositions that students use to solve that step. The specific codes were classified and color coded as desired propositions (blue), weak propositions (purple) and incorrect propositions (orange) -see Figure 6 .The area of the bubble reflects the student"s confidence in that particular code for that particular Scenario. This confidence is based on the student self-declared confidence in their prediction and choice of words during explanations. For example, words such as "I don't know", "I am trying to remember from class", "I have no idea why …" were used as an indication of low confidence.
Findings
In the Findings section, the coded data is grouped and analyzed using tables (see Tables 3 -8) . This method was used as a means to analyze the data across students and to uncover potential hidden patterns in students" handling of conceptual knowledge. The results are not meant to be generalizable, but can be used as starting hypotheses for future larger scale research studies that investigate conceptual understanding.
Research question 1 -What is the student's declarative knowledge of Newton's second law at the beginning of the IBLA? Table 3 , column 1 shows that some students utilized only desired propositions, while some utilized weak propositions, alone or together with desired propositions. The use of desired propositions together with desired propositions is an indication that the students have experienced conceptual development and no conceptual change.
Less than half of the students used only desired propositions. The majority, five out of nine students, use done of the two weak propositions either together with desired propositions or by itself. Three used the single mass weak proposition (W1) to explain their prediction for Scenario 1.Two students used it in conjunction with desired propositions and one student used just the single mass weak proposition. Two students used the ratio weak proposition (W2) to explain heir prediction for Scenario 1. One student used just the ratio weak proposition. The other student incorporated it together with desired propositions and an incorrect proposition. Page 26.858.10 Exemplified here is a coding map for student INT2_B participating in sequence 2 (direct instruction after Scenario 2). For Scenario 1 and Scenario 2, both Predict and Explain step, the student utilizes only one proposition to solve the problem, namely the ratio weak proposition (numbered W2). His predictions are correct. After the direct instruction, in the Scenario 3 -Predict step, the student utilizes the D2 net force proposition but also has an incorrect proposition (I1). After observing through experiment that his prediction was wrong, the student uses D2 and D3 propositions with low confidence and reverts back to the W2 proposition in the Scenario 3 -Explain step. In the last step (in the Scenario 3 -Explain), the student uses D3 and I3 propositions.
See the Appendix B for all the coding maps.
Sequence of instruction
Desired propositions Incorrect propositions
Weak proposition
Correct predictions
Wrong predictions Table 3 .Comparison between the number of students using different types of propositions at the beginning of the IBLA (Scenario1 -Predict), the whole IBLA (all scenarios) and the end of the IBLA (Scenario 4 -Predict). 
Number of students
Desired and incorrect propositions 0 0 1
Research question 2 -How is the student's declarative and schematic knowledge evolving as the student is exposed to different scenarios in the IBLA?
As the IBLA progresses, the students" use of weak conceptions became more apparent. Two students who used desired propositions in the prediction for Scenario 1 starting utilizing weak propositions later in the IBLA (Table 3 , row 1). Seven students utilized weak conceptions throughout the IBLA, five in combination with desired conceptions and two in combination with desired conceptions and with misconceptions. Students also seem to acquire incorrect propositions along the way, probably due to misunderstandings of the data presented in the intervention and as a way to explain their cognitive conflict. However, these incorrect propositions were not persistent and didn"t dominate the student"s discourse.
Nevertheless, at the end of the IBLA, the students seem to have repaired their weak propositions and started to utilize only desired propositions (Table 3 , column 3). Seven students utilized only desired propositions and one student utilized desired propositions and an incorrect proposition (that gravitational forces determine a constant acceleration, while constant applied forces determine an increasing acceleration). Only one student utilized the single mass proposition and no students used the ratio proposition.
An analysis by scenarios shines some light on how student"s declarative knowledge evolves over the course of the IBLA. The high number of students exhibiting weak propositions during the IBLA shows that these two weak propositions are widespread among students. It is important to Page 26.858.12
notice that students either use the single mass proposition or the ratio proposition for the entire IBLA, but never both simultaneously.
The two weak propositions were used by the students consistently as the IBLA progressed, which seems to indicate that the students had naïve mental models based on these ideas (Tables  A and B) . These propositions proved to be hard to change, especially because they were useful to the students in certain limited scenarios. Table 4 shows that using these naïve mental models can lead to correct intuitions in certain scenarios. The weak proposition regarding single mass appears to be repaired by the intervention in either Scenario 2 or 3. Students INT2_Aand INT3_B had the weak proposition that the acceleration is inversely proportional to the lighter mass and used it to explain Scenario 1 and Scenario 2. INT2_A receives the standard intervention after Scenario 2 and understands that the total mass of the system plays a role, not just the lighter mass. The student does not use the weak proposition afterwards. INT3_B receives the standard intervention after Scenario 3. However, at the beginning of Scenario 3 the interviewer asks the student to explain in more detail the role of the mass. This question acts as a trigger for the student, who realizes that the total mass of the system is inversely proportional to acceleration, not the lighter mass independently. The intervention after Scenario 3 serves to strengthen this realization. 
" (INT3_B, prediction for Scenario 3)
A closer examination across all students (Tables 5) shows that students who used the single mass weak proposition (Table 5. 1.) seem to not have the total mass proposition (Table 5. 2). However, they utilized the net force proposition (Table 5. 3). The student with no instruction (NoINT_A) did not repair the weak proposition and did not acquire the total mass propositions D1. Helped by instruction, the other two students seem to replace the single mass weak proposition with the total mass proposition ( 
Predict Explain Predict Explain Predict Explain Predict
The ratio proposition is harder to repair, but Scenario 4 creates cognitive conflict. For example, INT2_B uses the ratio proposition exclusively and with high confidence to explain Scenario 1 and Scenario 2. The student receives the standard intervention after Scenario 2, and attempts to use the scientific model for making a prediction in Scenario 3. After making a wrong prediction, the student realizes that his understanding of the new framework is poor and reverses back to his ratio framework. The student questions the necessity of understanding a new framework since he would have made the correct prediction using his ratio framework.
"Is it because these forces are different? I guess that would be easier for me to see it right now in an equation than to see it conceptually by looking at it [pause] but if I would have solved this the same way I did it previously, Scenario A would have been the fastest one, just because of the ratios. To me that is easier to understand conceptually, than to do the math."(INT2_B, explanation after experiment for Scenario 3)
The ratio proposition can be used to correctly solve the scenarios 1, 2 and 3. Scenario 4 cannot be solved using the ratio of heavy to light masses since there is only one mass. At that moment, the students realize that their framework is limited and tries to explain the system behavior using the desired propositions.
I am still kind of stuck in my old way [weight ratio approach], but I can't really apply that to a Scenario such as this [Scenario 4] which is where I would have gotten stuck." (INT2_B, at the end of the IBLA)
Students who used the ratio proposition (Table 6 .1) seem to show the opposite behavior as the students with single mass proposition. These students utilized total mass proposition (Table 6 .2) and not the net force proposition (Table 6 .3.).Case 4 serves to create conceptual conflict so that students realize the limitations of their ratio based approach and experience conceptual change.
Research question #3-What is the role of predict-observe-explain activities and the role of short direct instruction in promoting conceptual development and conceptual change?
Impact of the Predict-Observe-Explain activities on conceptual development and change
The coded data show that students go through a process of conceptual development as they acquire or strengthen desired propositions during the IBLA thanks to P.O.E cycles. INT3_A strengthens his understanding of total mass after Scenario 1 (see Table 7 .1 with dark green). INT2_A, INT3_B and INT3_C strengthen their understanding of net force and how to calculate the net force after Scenario 3 (see Table 7 .2 with dark green).
Unfortunately, the road to conceptual understanding does not seem to be straightforward. Undesirable strengthening of weak propositions can also happen during experimentation. This is the Scenario for NoINT_A strengthening the single mass proposition after Scenario 1 (see Table  7 .1 with light red) and for NoINT_B, INT2_A and INT3_A after Scenario 3 (see Table 7 .2 with light red). Moreover, undesirable weakening of desired propositions is also common (see Table  7 .2 with light green). For example in Scenario 3, the students seem make the prediction mostly based on the total mass being equal. When the experimental results contradict their prediction, they realize that the net force plays a role in the system. They conclude that the acceleration must be different because the net forces are different. Page 26.858.16 Prediction Same Student uses Net force proposition to predict with medium confidence that both accelerations will be the same, since the net force (determined as the mass difference) is the same. The contradictory experimental results make the student gain confidence in the total mass proposition. The student doesn"t mention net force in his Explain step. All students predicted Scenario 2 correctly since it is essentially the same as Scenario 1. For Scenario 4, the students only did the Predict step, because no hardware was available for experimentation. Nevertheless, Scenario 4 served as a promoter for conceptual change since it challenged the students who utilized the ratio weak proposition.
D1 -Total mass
Page 26.858.18
Impact of the direct instruction on conceptual development and change
The students acquire or strengthen desired propositions during the IBLA activity thanks to direct instruction. For the direct instruction after Scenario 2, INT2_A strengthens the total mass proposition while repairing the single mass proposition and INT2_B acquires the net force proposition while challenging the ratio weak proposition (see Table 8 .1). Unfortunately, these students also acquire an incorrect proposition during the instruction. This proposition is shortlived since the hands-on experiment presents contradictory evidence that the net force is determined by the weight difference, not the weight sum. The problem is that the acquired desired propositions are also short-lived since after making a wrong prediction, the student can revert back to their previous strategies (for example INT2_A uses net force only and INT2_B uses ratio).
For the direct instruction after Scenario 3 (see Table 8 .2), INT3_A acquires two desired propositions and weakens the ratio conception, while INT3_B acquires two desired propositions and strengthens the other two desired propositions. Further scenarios would have been needed to understand in-depth how students" knowledge changes.
This interplay between acquisition of desirable propositions, weakening of other desirable propositions, while simultaneously strengthening some weak propositions poses problems when designing IBLAs based on variation theory where multiple variables play a role in the system. * Low, Medium, High -student"s confidence in the proposition at the time of explanation ** | marks the direct instruction after Scenario 2 and before Scenario 3  RQ #1: A large number of students use desired propositions together with weak propositions. This is an indication that the students have experienced conceptual development and minimal conceptual change. Two weak propositions are widespread among students and are used consistently throughout the IBLA, which seems to indicate that the students had naive mental models based on these ideas.  RQ #2: Weak propositions and desired propositions seem to be connected. There are weak propositions that seem more likely to show up when particular desired propositions are lacking. As those weak propositions are weakened, desired propositions are acquired.  RQ #3:
o Hands-on experiments can promote acquisition of desired propositions. However, weakening of other desired propositions and strengthening of weak propositions can also happen simultaneously. o Direct instruction can promote acquisition of desirable propositions. However, students can also misunderstand the explanation and acquire incorrect propositions. Moreover, the acquired desired propositions can be short-lived since after making a wrong prediction, the student can revert back to their previous strategies and ignore the knowledge just learned.
Implications
For instruction:
In order to facilitate the acquisition of a desired framework, the instruction should target the naïve model that limits the student"s understanding. The hands-on experiments should be carefully designed using variation theory to challenge the weak propositions that underline the student"s naïve mental model, otherwise weakening of desired knowledge can happen when the students make the wrong prediction. Direct instruction can be important to highlight the fact that the system has multiple variables that are all interconnected and important, while hands-on experiments allow students to test their understanding.
For research:
Different sequences of instruction with more in-depth explanations should be investigated in order to understand the process of conceptual acquisition and strengthening of desired propositions. Scenarios that change both net force and total mass should be added, and additional scenarios that challenge the single mass and ratio weak conceptions should be explored. Scenarios that include multiple pulleys can also be added as challenge towards the end of the IBLA.
Limitations
A limitation of the current study is the small male-dominated sample. The results from this exploratory qualitative study will be tested in future work on larger size and more diverse samples. Another limitation was that assignment of students to one of the three sequences of instruction was made at the time of the interview, which has the potential for bias. Potentially problematic is also the fact that the intervention was not fully scripted, which introduced slight changes from student to student. Page 26.858.21
Conclusions
Students had three distinct mental models that they use regarding Newton"s second law (one scientific and two naïve models). Both conceptual development and conceptual change happened during the IBLA. Conceptual development was typical, as the students acquired and strengthened desired propositions, but they did not necessarily give up on their prior naïve propositions. Not surprisingly, if students had a naïve understanding that was not contradicted by the results of the experiment, they maintained it.
Conceptual change was evident when students were exposed to a Scenario that revealed the limitation of their naïve mental model. Both conceptual development and conceptual change are needed for students in order to have an extensive declarative knowledge organized according to scientific model.
